Transposable elements (TEs) are mobile, repetitive DNA sequences that make the largest contribution to genome bulk. They thus contribute to the so-called "dark matter of the genome", the part of the genome in which nothing is immediately recognizable as biologically functional.
Introduction
Transposable elements (TEs) are mobile, repetitive DNA sequences that make a major contribution to the bulk of the genome in many organisms. They can represent up to 85% of some genomes, as in wheat and maize [1] [2] [3] [4] [5] .
TEs invade genomes, through their ability to amplify. However, they are also controlled by their host, through multiple pathways involving RNAi machinery. They invade genomes in a recurrent manner, through bursts of transposition that are rapidly halted by host defense mechanisms. TEs remain quiescent in the genome for long periods of time, until they are reactivated by events such as genomic shocks. TE sequences also accumulate mutations, which may inactivate the sequence by rendering it too degenerate to be functional. The TE sequence thus gradually "blends into" the background genome sequence until it is no longer recognizable. It then contributes to the so-called "dark matter of the genome", the part of the genome in which nothing is immediately recognizable as biologically functional.
Little is known about the evolution and impact of TE sequences over long periods of time. We explored this question, by developing an innovative repeat annotation approach, which we call cross-species TE annotation because it uses closely related species to enhance detection sensitivity for ancient, degenerate repeated sequences [6] . We analyzed the genome of several relatives of A. thaliana that diverged about 5-40 million years (My) ago [7] . We generated a library of consensus repeat sequences that we appended to the A.
thaliana TE reference library, to compile a "Brassicaceae" library. This compiled TE library was used to annotate the A. thaliana Col-0 genome to explore the effects of the long-term presence of TEs on genome evolution. Our Brassicaceae TE annotation, excluding annotations overlaping CDS, covers more than 31.8 Mb (26.7%) of the A. thaliana genome, and is highly sensitive for the detection of degenerate TE sequences, as it identified one third more TEs than the current official annotation [8] . The detection of many TE copies in A. thaliana on the basis of consensus sequences built from sequences in related species provides evidence in support of these A. thaliana repeats originating from the common ancestors of these species.
However, our ability to recognize the part of the dark matter derived from TEs remains limited by the sensitivity of current alignment algorithms. We present here a new tool that we developed to improve this strategy. Our new algorithm can find older and more degenerate TE sequences. Indeed, with this tool, we were able to detect up to 10% more of the A. thaliana genome as material derived from as yet unidentified TEs. By combining several strategies and tools, we were able to bring the proportion of the genome of this species known to be derived from TEs up to 50%. Interestingly, the new sequences detected were generally very short and located in the 500 bp immediately upstream from genes. Their epigenetic status, nucleotide composition, and long-term conservation in orthologous positions attest to their origination from an ancient TE. Moreover, they overlap with experimentally identified transcription factor binding sites (TFBS), suggesting that they have been co-opted for new functional roles. Interestingly, these sequences were found to be overrepresented in the 5' sequences of flowering genes. A significant proportion of these TEs overlap with TFBSs able to bind transcription factors (TFs) known to be involved in flowering. Their overlaps with conserved non-coding sequences (CNS) suggest a long-term impact of TEs on flowering, since the initial global spread of flowering plants in the Cretaceous period.
Materials and Methods

Genome sequences
Genome sequences were obtained from the following sources: A. thaliana ecotype Col-0 (TAIR10 release) 
Brassicaceae TE copies
For all genomes from Arabidopsis thaliana Col-0 ecotype, Arabidopsis lyrata, Capsella rubella, Arabis alpina, Brassica rapa and Schrenkiella parvula, we used REPET package v2.5 with its two pipelines, TEdenovo and TEannot. We used the similarity branch of TEdenovo with default parameters on each genome, followed by TEannot with default parameters (sensitivity 2). From this first annotation, we selected consensus sequences containng at least one full-length copy (i.e. aligned over more than 95% of the length of the consensus sequence), on which which performed a second run of TEannot. This procedure has been shown to improve the quality of annotation [15] . Copies from the consensus annotated as 'PotentialHostGene' were removed.
Prediction accuracy
True positives (TP) are defined as predicted TE nucleotides that truly belong to a TE copy. False positives (FP) are the predicted TE nucleotides that do not really belong to a TE copy. True negatives (TN) are the nucleotides correctly predicted not to belong to a TE copy (correct rejection), and false negatives (FN) are the true TE copy nucleotides missed by the TE prediction process.
Sensitivity, the true positive rate, given by the formula TP/(TP+FP), is obtained by calculating the fraction of nucleotides in the predicted TE overlapping with the TE reference annotation.
Specificity, also refered to as the true negative rate, is less straightforward to calculate. It can be calculated according to the formula TN/(TN+FP), but TN and FP are difficult to determine for TEs, as they can only be known if we are sure that we have identified all the TE copies in the genome, which does not really seem possible. However, as a first approximation, we can consider that genes are not TEs, and are not derived from TEs, and use this information to obtain more accurate estimates for TN and FP. In this context, FP are predicted TE nucleotides that overlap a gene annotation, and TN are gene regions not predicted to be TEs. 
Results
Duster: a new approach for analyzing old degenerate transposable elements
Following their divergence from a common ancestor, repeat families have different destinies in different genomes. A repeat family may stop multiplying in one species, but may continue to multiply in another closely related species. The burst of transposition in an autonomous repeat family is a highly selective process: only the copies that have accumulated limited numbers of mutations remain functional and are able to transpose during the burst. This selective burst of transposition drives multiplication of the best conserved copies, i.e. those most similar to the ancestral sequence. Therefore, the TE families that remain active in some genomes should conserve the ancestral sequence for longer than the decaying pool of related sequences in other genomes. Consequently, a repeat copy from one species may be considered to be relatively old if it closely resembles a sequence obtained from another species.
We previously showed [6] that identifying TEs in a species by comparison with reference sequences found in the studied species but also in closely related species leads to the detection of older TE copies than searches exclusively with the reference sequence from the study species. Indeed, this approach detects old TE sequences that would not otherwise be recognized.
We developed a program called Duster that compares a genome sequence, here considered as a query sequence, to a large number of TE sequences, i.e. a sequence library. Its algorithm used k-mers to search for similar sequences without the need to generate nucleotide aligments. Hashed k-mer values can be used to speed up the search. Sensitivity is achieved by allowing one mismatch in k-mers every n consecutive nucleotides. Details of the algorithm are provided in Supplementary file 1, but it can be summarized as comparing k-mers between the genome and each sequence from the library, and reporting matches when at least two k-mers are found on the same alignment diagonal (i.e. the differences between the coordinates in the query and the sequence library are identical) with a maximal distance of d k-mers. The region bounded by the two-extreme k-mer position are reported as matching. Two matching regions on the genome separated by less than x k-mers are merged. At the end of this first pass, the region identified on the genome can be used as a new sequence library for a new search (the -n parameter). This procedure is repeated until genome coverage increases by less than 1% if -n is set to 0.
Supplementary file 1 presents performance assessment for Duster. It shows that Duster outperforms standard tools in term of speed. Duster has a higher sensitivity and a lower specificity, but its coverage is higher, suggesting that our tool may detect many more previously unknown potential TEs than existing methods.
The false positive rate remained below 0.01.
Transposable elements account for up to 50% of the A. thaliana genome
Assuming that Duster would be able to detect interesting new TE sequences in the A. thaliana genome, we ran an analysis with all the Brassicaceae TE copies from Arabidopsis thaliana, Arabidopsis lyrata, Capsella rubella, Schrenkiella parvulum, Arabis alpina, and Brassica rapa that we had previously annotated (see Material and Methods). We used the parameter setting with -d 5 and -S 7, but changed -n to 0, allowing iteration of the algorithm until it reached a genome coverage difference between two successive iterations of less than 1%.
The TAIR10, Brassicaceae and Duster TE annotations together accounted for 49.75% of the genome sequence. This figure is 29.72% higher than that for the TAIR10 TE reference annotation (20.03%), and 10.60% higher than that for the Brassicaceae TE annotation (39.15%).
Structural properties of Duster-specific copies
We characterized the new set of repeats identified by Duster, by using the annotations to extract copies that did not overlap with any Gene, TAIR10 TE, Brassicaceae, or A. thaliana REPET annotations (see Materials and Methods). We identified 19608 TE copies that were Duster-specific. We did the same for the TAIR10 and Brassicaceae annotations, thereby obtaining 177 TAIR10-specific and 5139 Brassicaceae-specific copies, by removing any copies with no overlap to another annotation.
We characterized these copies by comparing their length, chromosome distribution, and position relative to genes (figure 1). Duster-specific copies appeared to be significantly shorter than Brassicaceae-specific, TAIR10-specific, and TAIR10 copies ( Figure 1A , chi-squared p-value respectively 3.09 x 10 -192 , 2.70 x 10 -8 , <10 -293 ). Figure 1B shows the distance to the closest 5' or 3' TE copy for each annotated gene. Dusterspecific copies are more abundant close to genes than other copies (all chi-squared p-value <10 -293 , versus
Brassicaceae-specific, TAIR10-specific, and TAIR10 copies). Similarly, Brassicaceae-specific copies were more abundant than TAIR10-specific copies. They were more frequently found upstream from genes ( Figure   1B , chi-squared p-value <10 -293 ), as were Brassicaceae-specific, and TAIR10 TE copies (all chi-squared pvalue <10 -293 ). Figure 1C shows the distribution of TE copies over the chromosomes. It shows that Duster TE copies, and, to a lesser extent, Brassicaceae TE copies, follow the chromosomal distribution of genes (see the right panel of figure C), whereas TAIR10 TEs follow the opposite pattern. Duster and Brassicaceae TEs have a different chromosomal distribution from the annotated TEs from TAIR10.
Finally, we investigated the nucleotide composition of the sequences, including dinucleotides. The counts are presented as a radar plot in Figure 2A . The profile is similar for all TE copies (Duster-specific, Brassicaceaespecific, TAIR10-specific, and TAIR10 TEs). Interestingly, TAIR10-specific copies had the strongest bias towards TT, AA, AT, and TA dinucleotides, followed by Duster-specific copies. These biases, also shared by other TE copies but to a lesser extent, were thought to be a consequence of the process by which methylated cytosine is deaminated. The greater "A-T" richness of TAIR10-specific and Duster-specific copies may indicate that they have undergone a mutation over a longer period and are therefore more ancient.
Epigenetic profiles
We investigated the epigenetic status of the identified TE copies, considering small RNAs, and chromatin marks. The small RNAs studied were taken from Lister et al. [16] , for which mapped data were available.
There were 4.17%, 20.14%, 16.95%, and 60.44% of matching TE copies from the Duster-specific, Brassicaceae-specific, TAIR10-specific, and TAIR10 TE datasets, respectively, in the intersection between this dataset and our annotations, indicating a low targeting by small RNA of unknown TEs compared to known annotated TEs.
We analyzed nine epigenetic marks from Luo et al. [17] , also available as mapped data. The hierarchical clustering algorithm identified distinctly different profiles for genes and for TAIR10 TEs ( figure 2B ).
TAIR10 TEs were enriched in heterochromatin marks H3K27me1 and H3K9me2, and genes with euchromatin marks H3K36me2, H3K36me3, H3K4me2, H3K4me3, and H3K9ac as expected. The clustering algorithm associated Duster-specific, Brassicaceae-specific, and TAIR10-specific copies with the TAIR10 TE profile, indicating that their profiles were more similar to a typical TE profile than to a gene profile.
However, Brassicaceae-specific, TAIR10-specific, and Duster-specific marks copies had very similar profiles which differ from TEs. Their copies appeared to have very few heterochromatic, however the active euchromatin marks H3K27me3 and H3K18Ac are predominant for method-specific TEs. Interestingly,
H3K27me3 is known to be preferentially associated with genes expressed at low levels or in a tissue-specific manner [27] [28] [29] [30] .
TE conservation in flowering plants
As the Duster and Brassicaceae TE sequences appeared to be more ancient, we investigated the conservation of TE copies by searching for overlaps with known conserved non-coding sequences (CNSs) identified in previous studies. We compared the TE copies with CNSs identified in crucifers [21] and rosids [20] . For both datasets, a significant proportion of the TE copies overlapped with these CNSs ( [31] [32] [33] , have been found. Our findings therefore reveal a remarkable conservation of 1521 and 1213 TE insertions identified by the Duster and Brassicaceae methods, respectively, over more than 100 million years, twice as many as can be detected with the traditional annotation approach available for the TAIR10 TE annotation. We also show here that the Duster approach can detect more TEs overlapping with CNSs than the Brassicaceae method. We then looked in detail at the conservation of Duster-specific, Brassicaceae-specific, and TAIR10-specific copies in the Brassicaceae. We considered only regions close to orthologous genes found with OrthoMCL (see Materials and Methods). We focused on A. thaliana, A. lyrata, C. rubella, and S. parvulum, as these species have divergence times of 5 to 40 My. Orthologous genes with 5 kb upstream regions were aligned with the A. thaliana region containing both the orthologous gene and a TE copy from a method-specific set.
We obtained 11175, 5951, and 40TEs suitable for analysis for Duster-specific, Brassicaceae-specific, and TAIR10-specific TE copies. We considered a TE copy to be present if more than 50% of the A. thaliana annotated TE copy nucleotides were identical in the pairwise alignment. The TEs were oldest in the Dusterspecific set, followed by the Brassicaceae-specific set, as shown by the height of the 111 bar of the histogram, which corresponds to the presence of a TE at orthologous positions in all four species (Figure 3) .
Interestingly, the 000 bar was also quite high. This bar corresponds to TEs found only in A. thaliana, but which belonged to method-specific sets and therefore escaped TE detection by the simple REPET de novo procedure limited to A. thaliana. They were therefore detectable only with TEs found in other species. These copies may result from horizontal transfer from these other species, or may simply have been identified in other genomes because they are better conserved in those genomes. This result illustrates the utility of our cross-species TE annotation approach and the greater efficiency of Duster than of the REPET annotation procedure.
Contribution of TEs to the architecture of gene regulatory networks
We investigated the functional role of these TE sequences, which may have been co-opted for some regulatory purpose. We chose to study two gene regulatory networks (GRNs) in which TEs might be suspected to play a role. The genes controlling flower development in Arabidopsis thaliana are good candidates, as some alleles have been reported to be controlled by a TE sequence in A. thaliana: the FLOWERING WAGENINGEN (FWA) locus [34] , and FLOWERING LOCUS C (FLC) [35, 36] .
We considered the genes reported by Chen et al. 2018 [37] in their paper describing the architecture of GRNs controlling flower development in Arabidopsis thaliana. We searched the 500 bp immediately upstream from these genes for the presence of Duster-specific, Brassicaceae-specific, and TAIR10-specific TEs.
An enrichment in Duster-specific regions was observed in the 5' sequences of flowering genes: 33.1% of these sequences contained such regions, versus only 17.5% for all genes (chi-squared p-value=2.4 x 10 -7 , We futher explored the overrepresentation of Duster-specific and Brassicaceae-specific TEs in GRNs, by focusing on stress GRNs genes, which are also thought to be linked to TEs, as reported by several studies suggesting that transposition events may be triggered during plant stress responses including salt [38] , wounding [39] , bacteria [40] , and viruses [41] . We focused on the genes expressed in various stress conditions described by Barah et al. [42] . We searched in the 500 bp immediately upstream from these genes for Duster-specific, Brassicaceae-specific, and TAIR10-specific TEs (table 2) . We found no enrichment of these upstream regions in Duster-specific TE copies (chi-squared p-value=0.73) or TAIR10-specific TE copies (chi-squared p-value=0.67). However, we found an enrichment for Brassicaceae-specific TEs (chisquared p-value=5.1 x 10 -7 )
TEs and transcription factor binding sites
The conservation and overrepresentation described above suggest a probably functional role for these TEs.
We then investigated their ability to regulate gene expression, by assessing their ability to bind TFs. We investigated the co-occurrence of the transcription factor binding sites (TFBSs) identified with 27 TFs in ChIP-seq experiments by Heyndrick et al. [19] and the various TE annotations studied here.
We found that TFBSs were more frequently present in Duster regions (29.0%) than in Brassicaceae and TAIR10 regions (19.5%, and 14.6%, respectively; Table 3 ). This pattern was even more marked for the analysis of method-specific regions: 53.9%, 29.7% and 24.9% of these regions, respectively, overlapped with TFBSs. This trend was even stronger for analyses limited to the 500 bp immediately upstream from genes (49.3% for Duster-specific and 38.2% for Brassicaceae-specific TEs, TAIR10-specific TEs being untestable due to the low counts). Interestingly, these regions contained 567 Duster-specific and 48 Brassicaceaespecific TFBS regions, associated with more than seven TFs, and referred to hereafter as hot TFBSs. The identification of these regions suggests that there may be a hub of target genes involved in the important function of crosstalk between different processes [43] . We found 1757 and 1009 Duster-specific regions overlapping with crucifer and rosid CNS, respectively, and a TFBS. We found that 84 of these regions were highly conserved, as they overlapped with CNSs present in the 12 rosid species used for their identification, suggesting a presence in the common ancestors of the rosids more than 100 My ago. We also found that 9 of these highly conserved Duster-specific regions overlapped with a hot TFBS, suggesting the presence of a highly conserved hub of target genes involved in crosstalk between different processes. The top five highly conserved TFBSs from Duster-specific regions were AGL-15, AP1, SEP3, PRR5, and PIF4 (31, 23, 20, 14 , 14 occurrences, respectively), all but one of which are directly involved in flowering process, the exception being PRR5, which is more closely related to circadian rhythms and light responses.
The CNSs associated with Duster-specific copies in the 500 bp upstream of the gene present in the 12 rosid species included 58 Duster-specific sequences: 42 target genes of floral regulators according to Chen et al.
[37], 16 for which Duster-specific regions were colocalized with a highly conserved CNS and a TFBS (Table   4 ). A  T  2  G  3  0  9  7  0  ;  A  T  2  G  3  0  9  6  0  A  G  L  -1  5  ;  A  P  1  ;  S  E  P  3   A  T  2  G  3  3  7  5  0  S  E  P  3  S  O  C  1   A  T  2  G  4  1  3  7  0  A  G  L  -1  5  ;  A  P  1  ;  A  P  3  ;  P  I   A  T  3  G  0  2  0  4  0  A  P  3  ;  A  G  L  -1  5  ;  P  I  S  O  C  1   A  T  3  G  1  4  1  7  2  A  G  L  -1  5   A  T  3  G  1  9  1  7  0  A  G  L  -1  5  ;  P  I  F  4  ;  P  I  F  3  ;  P  I  ;  A  P  3  S  O  C  1   A  T  4  G  0  0  8  1  0  P  I  F  S  O  C  1   A  T  4  G  3  7  2  6  0  S  E  P  3  S  O  C  1   A  T  4  G  3  9  9  8  0  S  E  P  3  ,  A  P  2  ,  A  G  L  -1  5   A  T  5  G  0  3  6  8  0  A  P  1  ;  S  E  P  3  ;  F  L  M  ;  P  I  F  4   A  T  5  G  1  3  9  9  0  P  I  F  4 Using the MEME Suite, we identified 7 of these genes as containing a sequence corresponding to a binding motif of the SOC1 TF, a MADS box factor active in flowering time control which may integrate signals from the photoperiod, vernalization and autonomous floral induction pathways. Thirteen of downstream genes were controlled by the floral regulation motifs of one or several type II TF-MADSs (AG, AP1, AP2, AP3, BLR, ETT, FLM, JAG, LFY, PI, RGA, SEP3, SVP).
Discussion
The need for a new dedicated repeat detection algorithm RepeatMasker [44] , Censor [45, 46] , and Blaster [19] are the tools most frequently used to annotate TE sequences in genomes. All these tools combine BLAST (or BLAST-like with seed and extend algorithms) calls with pre-and post-processing for the analysis of genomic sequences. They are all, therefore, subject to the intrinsic limitations of these algorithms, including a reliance on seeds to find alignments. These seeds in BLAST are k-mers with a default size of 11 nucleotides. BLAST requires two k-mers on the same diagnonal (i.e. alignment without gaps) to proceed with the analysis of an alignment to assess its relevance. An alignment score threshold determined with a probabilistic model is used for this assessment of relevance.
These features may account for the lower sensitivity for this method than for Duster.
First, two k-mers are required to initiate an alignment. With the default BLAST parameters, this requires an exact match of at least 22 nucleotides between two sequences. This requirement can be decreased, as seed length is a parameter of BLAST that can be set, and it is decreased to 14 nucleotides for some implementations (seed size of 7 with WU-BLAST), but it still needs an exact match. For Duster, we allow mismatches in the k-mers, and the two k-mers may overlap. With the settings used for this analysis, we required a match of 21 nucleotides, but with some mismatches allowed.
Second, in the statistical test based on an alignment score threshold, even if the required exact match of 22
nucleotides is found, a gap-free alignment is produced for testing with the probabilistic model. The result depends on sequence length and on a model that is mathematically sophisticated, but too simple biologically, in that it considers successive nucleotides to be independent and equally probable. We now know that neither of these assumptions hold true for real sequences. Consequently, the model is of debatable value and may reject some alignments differently according to sequence lengths. In Duster, we retain all regions that match two k-mers, and the empirically chosen parameters yielded very few false positives (0.001).
We can see here that BLAST is not the most appropriate algorithm for finding small degenerate TEs. It was developed for a different purpose: identification of the best match within databases to a sequence used as a query. Its use to identify TEs constitutes a major deviation from its initial purpose, for which it performs well.
Duster was designed for the express purpose of finding old and degenerate TE copies. In addition to having a different k-mer strategy, it is essentially an alignment-free algorithm. BLAST attempts many alignments before reporting a match. Duster does not really require an alignment, just boundary coordinates, accounting for the greater speed of this algorithm. Boundaries may be considered imprecise as they are based on k-mers and their precision is therefore limited by k-mer size and the shift in the coordinates of the k-mer on the genomic sequence. With the parameters used here, the precision is about seven nucleotides. We think that this is sufficient for the identification of regions, and it may not be appropriate to aim for greater precision in the identification of very old, degenerate TE copies.
The work presented here highlights the utility of specifically developed tools for addressing certain difficult biological questions. It highlights the need for a new generation of sequence-finding tools, tailored to the particular biological question posed and perhaps replacing BLAST with more adapted algorithms. TFs control the transpositional activity of TEs by binding to them. The corresponding TFBS are, therefore, widespread throughout the genome. In some cases, TEs from the same family may be inserted close to several genes. This may lead to nearby genes being regulated by the same TF, potentially leading to their evolution into gene regulation networks. Genome-wide assessment revealed that hundreds of TEs have been co-opted into the regulatory regions of mammalian genes [48, 49] . TEs have also been involved in both the creation of new regulatory networks [50, 51] and the rewiring of preexisting ones [52] . Such networks are observed, for example, for the DAYSLEEPER gene in A. thaliana [53] . This gene has features in common with hAT transposases, suggesting that it may have been domesticated as a new TF. Another interesting example is provided by the retrotransposon ONSEN in Arabidopsis [54] . Thieme et al. [55] showed that, Duster-specific copies appear to be old, degenerate, short, and surprisingly close to genes, lying in the 5'
Long-term impact of TE copies
flanking sequences known to correspond to gene regulatory regions. Their maintenance specifically in these zones suggests that they supply the host with a function, probably in the regulation of the neighboring gene.
The Duster-specific TEs identified here may have played an important role in building new pathways allowing flowering plants to adapt to their environment. Indeed, we found that Duster-specific TE copies were overrepresented in the 5' regions of genes of the GRN for flowering. A significant proportion of these copies overlapped with TFBSs known to bind TFs involved in the control of flowering. Moreover, the histone H3K27me3 mark was identified predominantly in method-specific TEs (see figure 2 ). This histone mark has been reported to be associated with genes expressed at low levels of in a tissue-specific manner [30] , such as those involved in flower development.
Our results suggest a possible link between the success of flowering plants during the Cretaceous period and the co-option of TEs in the flowering GRN. However, further analyses are required to demonstrate a causal role. This study is a first step in this direction, identifying previously unknown candidate TEs.
Flowering has been studied in considerable detail, generating a wealth of data. The data used here are, therefore, clearly biased towards flowering. However, other impacts on other GRNs may subsequently be discovered with our ancient TE annotation, as and when new data become available.
Interestingly, our results suggest that identifying very old TE copies could facilitate the identification of TEbased regulatory modules selected a long time ago. They support the detection of TFBS in ChipSeq experiment, but also suggest a TE-based origin for many TFBS.
Conclusions
In this study, we investigated the contribution of TEs to the bulk genome of Arabidopsis over a timescale that remains inaccessible to other approaches, through the use of a new tool that we developed, called
Duster. Duster uses a new efficient algorithm, which identified an additional 10% of nucleotides as belonging to TEs. We have, thus, dug deeper into the dark matter than previous studies, leading to the recognition of old, degenerate TE sequences undetectable with other methodologies.
This study delivers a key result, improving our understanding of plant evolution and plant adaptation, by providing clues for identifying ancient TE remnants in gene regulatory regions underlying potential regulation modules. Some of the TE copies identified here may have been selected a long time ago, to drive adaption to changing environments.
The data are also available in a JBrowse genome browser at https://urgi.versailles.inra.fr/jbrowse/gmod_jbrowse/?data=myData%2FAtha 
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